Abstract: Obesity, a risk factor for hypertension, diabetes, and other chronic diseases is influenced by geographic accessibility to supermarkets, which has been shown to affect nutritional behaviors. purpose. To determine how individual fruit and vegetable (FV) consumption was independently influenced by accessibility to supermarkets, and to quantify that relationship. Methods. A distance decay based model was specified for a random sample (n57,514) of urban residents. Associations between FV consumption and accessibility to supermarkets were explored, controlling for factors known to influence eating behaviors. results. There was as independent effect of accessibility to supermarkets, even after the inclusion of the significant controlling factors of age, gender, race/ethnicity, education, marital status, and knowledge of nutritional guidelines. Conclusion. Our model of accessibility was an effective predictor of FV consumption in an urban population, setting the stage for inclusion of supply and demand parameters, and estimation of local factors that contribute to differential obesity rates.
This study addresses these issues by using fruit and vegetable consumption data from the 2002 and 2005 Los Angeles County Health Survey, along with a geographically derived measure of the respondent's proximity to chain supermarkets, to develop a predictive model of the impact of geographic accessibility on nutritional behavior. Our main research hypothesis was that a simple distance decay-based model of proximity to large supermarkets would independently influence fruit and vegetable consumption even after controlling for other relevant individual-level factors that are known to affect fruit and vegetable intake. An additional goal of this project was to demonstrate that incorporating a distance decay method allows us to quantify more successfully the impact of adding supermarkets on individual nutritional behaviors, thus opening the door to better policy decisions.
Understanding the importance of geographic accessibility for nutritional behaviors. It has been reported that the potential for interaction between two locations declines with increasing distance between them and is also associated with the amount of demand and supply (i.e., population vs. stores) at each location. 19, 20 Individual use patterns of public facilities such as supermarkets have been shown to follow a distance decay pattern, where utilization declines with increasing distance from place of residence, place of work, or some other highly frequented place. Various statistical models of this relationship, often termed "gravity models, " are commonly used in transportation planning, trade market analysis, retail location theory, and increasingly in health services research as a method of quantifying the distance decay relationship and including demand/supply parameters. 21 Distance decay-based gravity models have been demonstrated to approximate underlying functional relationships that describe the aggregate use patterns of facilities of all types. 22, 23 The rate of declining interaction through geographic space varies by context, and thus these functions require parameters, such as the supply of goods or services, and a distance decay parameter. 24 The gravity model is an effective way of measuring potential accessibility, which can be defined as the potential for an individual living in a given locale to access a given entity, such as a supermarket produce section. Potential accessibility must be distinguished from actual (or, realized) accessibility, yet the two are highly correlated. Measuring potential accessibility is very important as it provides the baseline from which to understand actual accessibility and utilization. We operationalize this within the context of access to chain supermarkets and fruit and vegetable consumption within a large metropolitan population.
previous literature on local environments and nutritional behavior. Larsen et al. presented a comprehensive review of the United States literature on neighborhood food environments, dietary behavior, and obesity conducted between 1985 and early 2008. 25 This review showed that the strongest evidence exists for the positive effects of greater accessibility to supermarkets on nutritional behaviors and outcomes. The evidence for independent effects of small markets and restaurants was more mixed, yet provided some evidence that neighborhood accessibility to fast food restaurants has a negative effect on dietary behaviors and obesity. The Larsen review also identified a number of common limitations on the interpretability of the results and impair cross-study comparison. The major limitations identified were 1) the complexity of defining a relevant neighborhood; 2) the cross-sectional, observational nature of most research designs; 3) reliance on commercially (e.g., Dunn and Bradstreet [Dunn and Bradstreet, Inc. Short Hills New Jersey], InfoUSA, Inc. [Now InfoGroup, Inc., Papillon, Nebraska]) or publicly available (telephone directories, corporate Websites) data sources on food outlets; 4) lack of ground truthing* and reliable in-store observation of product availability; 5) spatial accuracy /geocoding related errors; 6) poor conceptualization of neighborhood boundaries and distances travelled to shop for food; 7) few longitudinal and/or multilevel studies; 8) the need to consider co-varying characteristics of neighborhoods (such as population size, urbanization, region, and commercialization); 9) the need for studies that consider the entire food availability context (both food stores and restaurants).
Other recent national level studies have found 1) persistent disparities in the distribution of food resources by neighborhood race and income across the U.S., 26 and 2) associations between geographic accessibility to supermarkets and fruit and vegetable consumption nationally. 27 Both of these studies noted, however, that there appeared to be differences in the strength and significance of the relationships based upon the type of neighborhood (rural vs. suburban vs. urban). Finally, some recent studies have shown *Ground truth is a term used in geography; it refers to field data collected on geographic features. The collection of "ground-truthed" data enables calibration of remotely observed data, and aids in the interpretation and analysis of what is being observed. lack of association between local food environments, nutritional behavior, and obesity 28, 29 but these studies may have used questionable methods, and/or had limited sample sizes, and they are outliers within the larger body of literature on food accessibility.
In this paper, we contribute to problem areas 1, 3, 4, and 5 identified by Larsen above, including suggesting a straightforward distance decay-based method of establishing a robust score for an individual's residential and/or workplace locations that can capture their access to key resources in the environment. This distance decay-based approach to modeling the local effects on behaviors and outcomes is well established in diverse fields (in business analytics for example), but has yet to become widely utilized in epidemiological, health disparities, and health outcomes research. We also diverge from much of the existing work by making use of a comprehensive local administrative database of food vendors (from the Los Angeles County Department of Environmental Health) to explore the influence of geographic accessibility to one specific class of large food vendors-chain supermarkets-upon fruit and vegetable consumption by adult residents in a large urban setting. Much existing work has relied upon commercially available databases.
In this project, supermarket accessibility is defined by geographic access to multi-site grocery stores (supermarket chains operating two or more stores), an expansive category of chain supermarkets that also captures full-service local grocery stores that operate on a smaller scale than the large regional chain supermarkets yet whose stores are still likely to carry products similar to those sold in the major chain supermarkets. Other stores that may carry limited food products, such as chain drugstores (CVS, Walgreens) and multi-product stores (Target, Walmart) were excluded unless they had a full service supermarket. Below, the design and implementation of the research are presented.
Methods
Given the importance of multi-site grocery store accessibility in shaping the local retail food environment in large U.S. metropolitan areas, a research strategy was designed 1) to construct a basic gravity model that captured potential accessibility of Los Angeles County Health Survey respondents to multi-site grocery stores; and 2) to estimate the relationships between our gravity model derived accessibility to multi-site grocery stores and self reported fruit and vegetable intake in a large sample (n57,514) of 2002 and 2005 Los Angeles County Health Survey respondents, after controlling for the effects of other individual factors known to influence dietary behaviors.
Spatial contextualization of the los angeles Health Survey. The Los Angeles County Adult Health Survey (LACHS) is a single-stage, geographically stratified, equal probability sample conducted every two-three years via random digit dialing of each telephone exchange area in the county. 30 Designed to be representative of the entire adult population of Los Angeles County, the LACHS is one of the largest population-based health surveys conducted in the U.S. and contains self reported data on health-related behaviors and outcomes for Los Angeles County residents. In order to understand better the role of accessibility to chain groceries on individual dietary habits, the nearest cross-streets of the survey respondents for the 2002 and 2005 waves of the LACHS were obtained. We then implemented a logistic behavioral model to assess the independent influence of grocery store accessibility on fruit and vegetable consumption in a large population-based sample, the LACHS, 30 using the basic form of the function for calculating gravity-based accessibility:
where A i is the spatial accessibility from population point i (the nearest cross-street to the LACHS respondent's home), S j is the service capacity at chain grocery store location j, and d is distance between the respondent's nearest cross street and the chain grocery store location, weighted by β, a distance decay exponent.*
In the absence of data on supermarket store size and product offering, the value of S j was set equally for all the chain supermarkets to 1, and the distance decay beta was also set to 1, yielding a simple arithmetic distance decay slope as shown in Figure 1 . ArcGIS 9.3.1 and ArcINFO 7.2.1 geographic information systems software were used Figure 1 . Arithmetic distance decay function used to weight supermarkets by distance to respondent's nearest cross-street.
*Note: As an external reviewer noted, with Sj 5 1 and beta 5 1, we are using the simple inverse of the distance to the nearest multi-site grocery store. The question may arise, why not simply use the distance rather than inverse of the distance? The results might be simpler to interpret. While we concur that since we have set both the Sj and Beta terms to 1 in our instance of the standard distance decay (gravity) accessibility model, we prefer to leave it as is for the following reasons. 1) This is the standard method of calculating accessibility scores. Using the inverse of distance appropriately down-weights distant facilities to very small numbers. Since this is a summation of distances from each participant's (70001) location to all facilities (8001), that is being reduced to one score for the individual, it is more appropriate to use the inverse, which results in a summary score that is not astronomically high.This was more important of course in the pre-computer days, when these methods were developed. We also see value in showing the full model, with all parameters, in order to demonstrate best practices when all the data are available. Existing literature indicated that the more geographically accessible one's preferred place(s) to shop for fruits and vegetables is, the greater one's fruit and vegetable consumption, with individuals living at distances greater than five miles from their preferred place to shop consuming significantly less fruit and vegetables than those living in areas with a supermarket within one mile. 31 Based on this limited but useful available knowledge on distance effects on fruit and vegetable consumption, as well as pilot empirical testing of an arithmetic vs. exponential decay parameter, an arithmetic distance decay (power) function was found to be most appropriate for this study.
outcome Variable: approaching or exceeding USDa fruit and vegetable consumption guidelines. The outcome variable utilized in this study was the probability of a respondent either approaching or exceeding U.S. Department of Agriculture (USDA)-recommended daily dietary guidelines. During the questionnaire LACHS respondents were asked about how many servings of fruits and vegetables they ate in the previous day. Current USDA guidelines for adults recommend eating five or more servings of fruits and vegetables daily. We used this guideline as the initial threshold for our dichotomous variable of fruit and vegetable consumption, and worked down to three servings.
predictor variable: gravity derived geographic accessibility to multi-site grocery stores. The source of multi-site supermarket locations was a longitudinal food licensure file that is maintained in an ongoing collaboration with the Los Angeles County Department of Public Health, Environmental Health Division, which shared its longitudinal database of food licenses by location with the Charles Drew Medical GIS lab. This database was used to extract all multi-site grocery stores as defined as having two or more stores operating in Los Angeles County in 2002 and 2005, the years of the study. Spatial accessibility scores based on the inverse weighted Euclidean distances from the nearest cross-street of residence to all multi-site grocery stores in the county were generated for each of the 2002 and 2005 LACHS respondents. The score was constructed using the basic gravity model formula detailed above. Respondents living in the cities of Pasadena and Long Beach were excluded from the analysis as food license data for those cities are not reported to Los Angeles County Department of Public Health. The outcome measure and the independent variables are derived directly from the survey. The sample was limited to only those survey respondents who had nearest cross-streets of residence (n57,514), leaving out those whose census tract centroid of residence only was known.
Controls and confounding variables. Age, gender, education, income, race/ ethnicity, neighborhood safety, and knowledge of the USDA dietary guidelines have been shown to be associated with neighborhood environment and physical proximity to healthy food sources. 32 To account for these associations, the individual survey respondents socio-demographic characteristics were included in the model, along with answers to 1) a question regarding how safe respondents felt in their neighborhood, and 2) a question about their knowledge of the importance of nutritional guidelines.
Neighborhood poverty levels were disaggregated down to the individual level to control for neighborhood effects associated with high poverty neighborhoods using data from the 2000 census.
Statistical analysis. Statistical analysis was performed using Stata 11.0 (Stata Corporation, College Station, TX). Analysis of variance and chi-squared tests were used for comparisons of means and proportions. Multivariate logistic regression analyses were used to examine the relationship between accessibility score and nutritional behavior (eating three or more servings of fruit and vegetables a day or not*). All logistic regression models were adjusted for age, race or ethnicity, sex, marital status, education, poverty level, neighborhood safety and USDA guideline. Odds ratios (OR) and 95% confidence intervals (95% CI) and marginal effects were used to report associations obtained from the multivariate logistic regression models. Possible multiplicative interactions between meeting USDA guideline, accessibility score, and education were investigated. All reported p values were two-tailed, and statistical significance was defined at the .05 level.
results
There were pronounced differences in both nutritional behavior and in geographic accessibility observable in the sample. Analysis of Variance indicated that statistically significant variation in geographic accessibility to supermarket existed by age, race and ethnicity, education, marital status, poverty status, neighborhood safety, and knowledge of nutritional guidelines. Chi-squared tests showed significant differences between those whose diets approached or exceeded the USDA fruit and vegetable intake guidelines and those who did not for the same variables as above. In addition, gender also exhibited significant differences in the chi-squared tests. These descriptive and bivariate relationships are reported in Table 1 .
Despite the overarching trends in accessibility, there were significant differences in nutritional behavior for the relevant individual characteristics that are available in the LACHS. Whites, females, older people, more educated people, wealthier people, and people who live in safer neighborhoods all are more likely to have reported approaching or exceeding the USDA guidelines. Based on these findings the analysis was extended to consider predictive capability of a gravity model-derived accessibility score when accounting for variation in individual factors. Table 2 reports the results of a logistic regression analysis with gravity modeled accessibility to multi-site grocery stores as the predictor variable.
A simple distance decay-based accessibility score was able to predict fruit and vegetable intake of four or more servings per day in our sample of over 7,514 individuals from the LACHS. Although not signifigant in predicting five or more fruits and vegetables (achieved by only 14% of the sample), our model did predict changes in consumption of four or more servings, a slight relaxation of USDA standards that was achieved by *Later, we analyze results in terms of four or more servings of fruit and vegetables/day, as we concluded the three/day was too relaxed a standard. 25% of the sample. This relationship persisted even when race, age, education, marital status, poverty status, neighborhood safety, and knowledge of USDA guidelines were controlled for. Despite one's individual characteristics, then, geographic accessibility to multi-site grocery markets, as defined by a very basic gravity model, is associated with increased fruit and vegetables intake in the Los Angeles County population that the LACHS is designed to reflect. interpreting the marginal effect of the geographic accessibility score. The marginal effect of the main predictor variable, a basic geographic accessibility score to chain supermarkets, was .031. This means that adding a store within 100 feet of the nearest cross-street of the average individual increases the odds of that individual eating four or more fruits and vegetables by three percentage points. This allows us to quantify the geographic relationships described in our model. Our accessibility score was a log10 of the actual score and ranged from ~.03 to 3.0. We unitized our score into 100-foot intervals thus we used ∑ 100/d i where d i is the distance to each store in feet. The average accessibility score for the cross-streets reported by individuals in our sample is 1.307. Accordingly, if we added a hypothetical 10 additional stores, each one mile (5,280 feet) from the nearest cross-street to the average individual's residence, then this would add 100 3 10/5280 5 0.19 to the score (or about 15%). This translates into about a 15% increase in the odds of eating four or more servings (from 1.031 to about 1.035). 
Discussion
The validity of a basic gravity model in understanding retail market shopping behaviors has been well-established outside of the health and nutrition literature, and is one of the dominant paradigms in the economics of business location. Given that food consumption in most large American metropolitan areas is driven by retail food markets, it follows that gravity modeling as an approach will be helpful in untangling the complex relationships between the built environment, energy balance related behaviors, obesity, and chronic disease outcomes. This study was limited in scope, and did not address restaurants, small markets, and other entities that may contribute to fruit and vegetable intake. Additionally, the data on nutritional behavior were self-reported, and are subject to inaccuracies and biases related to measurement error. Another limitation is the lack of complexity in the gravity model, rooted in the assumption that all multi-site grocery stores exhibit the same influence on their surroundings. This implicit assumption of an unlimited supply of groceries would be more problematic were our observations not at chain supermarkets. However, the high volumes and complex multinational food markets that this class of store are able to tap into guarantees a near limitless supply of food types, if not each individual food products themselves. The lack of data on supplies for each grocery store is being addressed by this team as part of ongoing research projects, and these results will be reported in the future. Finally, we had no information on individuals' workplace locations, or other places they might frequent, thus our model is based solely on place of residence. Much of the previous research on the association between retail food availability and nutritional behavior has relied on aggregated administrative units such as ZIP codes or census tracts to capture environmental and geographical relationships. In this project each respondent's local nutritional environment was modeled based upon real-world data obtained from local government food sale licensure records, using a simplified form of a standard gravity function that has been shown to reliably explain many retail behavioral interactions, including food consumption. This permitted us to quantify the geographic relationship observed, using hypothetical examples.
There is promise for further development of the gravity style distance decay-based accessibility model used in this research. Supply side parameters can be constructed via in-store surveys of product type and amount. This would likely strengthen the explanatory power of the model and provide new insight on the nature and magnitude of the relationships between local environmental contexts and individual nutritional behavior. Additionally, although a simple arithmetic gravity function was found to have predictive capability in this study, there is a still a need for further calibration and understanding of the distance parameter.
This study found that distance for accessibility to grocery stores Beta 5 1 (1/x 1 ), an arithmetic decay (power) function, has explanatory power and that Beta 5 2 (1/x 2 ), an exponential distance decay function does not. This work cannot, however, establish that a basic decay function of (1/x 1 ) is the the most appropriate decay function until further model calibration can be completed. Research projects are underway by the authors that will permit the inclusion of empirically observed supply and demand parameters, as well as model calibration in the Los Angeles County context. With an optimized local accessibility model, it will be possible to delve deeper into questions of what the differential behavioral effects of local geographies are on specific age, gender, race, or income group's nutritional behaviors. Ultimately, the goal is to provide information on the critical interventional entry points that move beyond the crude targeting of entire age/gender/racial groups or entire classes of neighborhoods, and instead focus in on the key vulnerable groups who are likely to be most affected by living in compromised states of accessibility to key amenities such as supermarkets. This knowledge can guide intervention efforts designed to encourage healthier behaviors. By understanding how local environments and individual characteristics interact to influence behavior related to obesity and its related chronic conditions, a roadmap to intervention can be developed that will help chart the path to the translation of medical knowledge into communities and the eventual elimination of health disparities.
